Dephasing Effect in Photon- Assisted Resonant Tunneling through Quantum Dots 
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We analyze dephasing in single and double quantum dot systems. The decoherence is introduced by 
the Biittiker model with current conserving fictitious voltage leads connected to the dots. By using 
the non-equilibrium Green function method, we investigate the dephasing effect on the tunneling 
current. It is shown that a finite dephasing rate leads to observable effects. The result can be used 
to measure dephasing rates in quantum dots. 
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Recently, several experimentafl"! and theoreticafl'i 
studies have been devoted to the analysis of effects of a 
time-dependent field on the resonance tunneling through 
coupled double quantum dots. Quantum dot systems 
are of great current interests because of their fundamen- 
tal physics as well as potential applications as possible 
quantum-computing devices. For the purpose of quan- 
tum computation, phase coherence plays an important 
role. However, in the previous studies of double-dot 
systems, the dephasing effect, caused by the electron- 
electron or electron-phonon interaction, has been ig- 
nored. 

In this paper we study the decoherence effect on I- 
V characters in single and double dot systems. In a 
single-dot system, we find that dephasing causes minor 
changes in the tunneling current. On the other hand, 
in the pumping set-up of a double-dot system, in which 
the chemical potentials on the left and right measure- 
ment leads are equal, we find that the photon-assisted 
resonant tunneling current is sensitive to the dephasing 
rate. Thus, it provides a possible way to measure the 
dephasing rate in double-dot systems. 

To introduce the dephasing effect into the system, we 
use the Biittiker modelErQ. In this approach, a system 
is connected to virtual electron reservoirs through ficti- 
tious voltage leads. With certain possibility, electrons are 
scattered into these reservoirs, lose their phase memories, 
then re-injected into the system. The chemical potential 
of the reservoir is chosen such that there is no net cur- 
rent flow between the system and the reservoir in order 
to satisfy the current conservation in the system. In the 
original Biittiker model, only dc transport has been con- 
sidered. In our case, the gate voltage is modulated by 
injected microwave. Consequently, we have to extend 
the constraint such that each Fourier component of the 
current through a fictitious voltage lead vanishes. 

Single Quantum Dot . Before discussing the more 
interesting case of double-dot systems, we first consider 
the simpler system of a single quantum dot. The dot 
is connected to two reservoirs {I and r) and a fictitious 
voltage probe (0) . The potential on the dot is controlled 
by a side-gate voltage. The Hamiltonian can be written 
as 



H — Hq + Ha, 



where 



and 



Oik 



^ak{ty^k'^ak + e{t)d'^d + ^[tQfcC+j.d + h.c], 

k 



Hq is the Hamiltonian of the system without the ficti- 
tious probe and a = l,r are the indices for the left and 
right leads, c^i^-icak) creates (annihilates) an electron in 
lead a while d'^{d) creates (annihilates) an electron in the 
dot. is the Hamiltonian of the fictitious probe, and 
cjj,(c0fe) is the electron creation (annihilation) operator 
in the fictitious probe. The microwave injection is mod- 
eled as ac side-bias which imposes a time-dependent site 
energy of the quantum dot e{t) = eo + eVacCOSUJot. The 
chemical potential and the time-dependent voltage of the 
fictitious probe are determined by the condition that the 
total current flowing through the probe (f) vanishes. 

The time-dependent jCurrcnt from reservoir a to the 
dot can be expressed asO 



/a(t) 



2e 
X exp 



i / drA„(r) 



[G<{t,h) + Ue)G-{t,h)] , (1) 



where rQ.(e) = 2t: pa(f)\ta\'^ and pa is the density of states 
of the reservoir a. a is the index for the left, right, or 
fictitious voltage lead. For simplicity, we use the wide- 
band approximation, i.e., treating the Ta{(-) as a con- 
stant, rQ,(e) = Fq,. Within the wide-band appropcimation, 
the retarded Green function G^ takes the fornm 



G"'(t,t') = -i6l(t-i')exp|-i 
-i drAac(T)| , 



eo - ^- 



.Fo + F 



{t-t') 



1 



where Aadr) = eVacCOStOQT, and Fq = + Tr is the 
energy broadening of the quantum dot due to the left and 
right leads, and F^ is the broadening due to the fictitious 
voltage lead. The spectral density, which relates to C 
through 

A^{e,t)=f diie"(*-*^)e'^'/^''"^^^^G'-(t,ti), (2) 

-/ — OO 

is given by 



m— — oo 



Jrn ('^a) 

1^ 



^ — iUa sin ujQt ^imujQt 



where im\e) = e - eo - mTicJo + i{^o + r0)/2, uo = 
ewac/t^o, and ii^ = e{v^ - Vac)/^^i^- 

The Keldysh Green function is related to the retarded 
and advanced Green functions through the Keldysh equa- 
tion. 



Again, using the wide-band approximation, we obtain the 
Keldysh self-energy 

E<(ii,i2) =*[^/a(e)r„ + /0(e)F^]5(<i -t2). 

a 

The Keldysh Green function is related to Aa{e, t) through 



2 f dtilm |e'"(*-*i) exp i f dTAair) 
$]/a(e)r„|A„(e,t)p. 



G<it,h) 



After some algebra, the current flowing through the fic- 
titious probe is found to be 



m,n— — oo 



de 



(3) 



where 

= f4,{e)Jm{u^)Jn{u^)[~i{'m - n)cJo) - To] 

+ [/;(e)F( + fr{e.)Tr\Jm{uQ)Jn{uQ). 

To satisfy the condition that the total current flowing 
through the fictitious voltage probe vanishes, one gets 



/0(e)Jm(w0)Jn(u0) = /(e)ro- 



Jm{uo)Jn{uo) 

i{m — n)ujQ + Fq 



(4) 



where /(e) = (//F; -l-/rrr)/Fo is an effective Fermi func- 
tion of the dot without the fictitious voltage probe. 

Using Eq.(||) and Eq.(^, the time-dependent current 
flowing through lead a can be expressed as 



/J OP 

X {i(m - n)hLJofaie) + Fg [/^(e) - /a(e)]} , (5) 

where 



Jyn{u)Jn{u) 

;(0) ^^W]* 
(m — n)Tiuj{) - 



j(ro + F^ 



(m — n)TiujQ — iFo ' 



Dephasing effect is represented in through F^. 

The average current through the quantum dot can be 
obtained by summing the terms with m = n in Eq.(||), 



io J 27r 
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FIG. 1. The time-averaged current for the single quantum 
dot with F; = Fr = 0.5, eo = 0, and ~ —)J.i = 5. 

Figure 1 shows the time-averaged current versus uq- 
It can be clearly seen that the average current density 
through thojquantum dot consists of a series of the reso- 
nant peakstj at eo + mTiu; and the dephasing causes the 
broadening of the resonant peaks. The dephasing only 
has a minor effect on the I — V curve since the current 
amplitude is insensitive to the dephasing. In particular, 
at large /i/j — ^J-L^ < I > approaches Jo, independent of 
F^. 

Double Quantum Dots . We can generalize the sin- 
gle dot to a coupled double-dot system. The Hamiltonian 
is 



2 



H — Ha + 

i^O = X! '^a.k{i)Ca^k'^a.k + ^ ea{t)d+da 
a.k a 

+ Yl[takC^kda + h.c] + [Ad+dr + h.c], 

a, A; 

^0 - E + T^iiUTd. + h.c.]. 

a.k a.k 

Comparing with the Hamiltonian for a single dot, two fic- 
titious vohage probes c"^l. (a = Z, r) are connected to the 
two dots. The current flowing in and out the reservoirs 
can stifl be calculated by Eq.(|]) provided that C and 
are now 2x2 matrices with the matrix elements asso- 
ciated with the left and right dots. The time-dependent 
current flowing through the measurement lead a {rj — 0, 
a — I, r) or the flctitious voltage lead a {rj = (j), a = I, r) 
can be expressed as 



i:4*'(.)rf|/ii*/'(^.<)l 



+ E /Me)r/3 1 Ag,) (6, t) r + 2U (e) wLr ^ (6, t) 




, (6) 



where A'^^f\t,e) {rj = 0,0) are the matrix elements of 



the spectral function. The diagonal elements are 



■tUl^ ' Sill UJQ 
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and the non-diagonal elements {a ^ (3) are 

_ ^^-i{u^i^^ +uo) sinujot 
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with 



4")(6,0) = 6l«(m)-|A|2^- 



i^J'^ (m) = e - Ca ~ mhiJo + i 
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We further require the net current through each ficti- 
tious probe to vanish, i.e., I^\t) = 0. From this con- 
straint, we can obtain relations among fj^'^\e), //3(e), 



A^^'l^\e,t) and A^'^^(e,t). Using these relations to re- 

place E/5 4^He)rf in Eq.(|), we obtain 

the current through lead a, 

£ E e*'™-")-°*<J>™„(e)r„ 

m,n— — 00 

[z(m - n)hcJofa{e)Qi:l{e, 4>) + TalApX^e)]. (7) 
In the above equation, 



tin {e,(p)£n (e,<p) 



l + \A\'Ai^lie,cb) 



(a)l-|A|4A<;?)(6,0)A<g)(6, 
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E ^ 



11'^'^ <,l„(e)<i.„(0 



i{m — n)u!o 
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The time average of the current / = {Ii(t))^ = 
— {Ir{t))t can be obtained 

/J 00 
^ E (^) 
m— — 00 

[/z(e)^«^(6, 0) - fr{e)T^l{e, 0)]. (8) 

From the above expression, one finds a non-zero tun- 
neling current even without dc bias between the right 
and left leads_ It is consistent with the experimental 
observationsEfLl. 

Figure |^ shows the time-averaged tunneling current 
< / > for different dephasing strength F^. < I > 
strongly depends on F^. In real systems, F^ is a function 
of temperature. Temperature has two effects on the tun- 
neling current: the direct contribution from Fermi dis- 
tribution function and the indirect contribution through 
F^. We find that at low temperatures the temperature 
dependence of the current is essentially determined by 
the temperature dependence of F^. The current is almost 
independent of temperature within kT <C |e/ — e^l while 
the dephasing strength F^ is set to a constant. Thus, by 
measuring the temperature dependence of the current, it 
is possible to determine the temperature dependence of 
the dephasing rate in double-dot systems. 
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FIG. 2. The time-averaged current for the double dots with 
the parameters: F; = F,. — 0.5, — — 10, fii — jj,r ~ 0, 
Vac = 6 and r = 0. 

It is commonly believed that the dephasing strength 
is a power law function of temperature T. Hence, ap- 
proaches zero as T goes to zero. However, tiiis consensus 
has been challenged in a recent experiments in which 
was found to saturate to finite values in many one or two 
dimensional systems. The question remains whether such 
a saturation exists in the zero-dimensional quantum dots. 
We suggest that this issue can be resolved in double-dot 
systems by studying the temperature dependence of the 
tunneling current. Figure ^ shows the temperature de- 
pendence of the average current. The current is calcu- 
lated by assuming two different kinds oLtemperature de- 
pendence of the dephasing strength F^. The first kind 
is the normal linear dependence (Other power-law de- 
pendence gives rise to qualitatively similar results.) with 
= Toy- (^0 = 0.5 and Tq ^ 2 in the plot.). The sec- 
ond kind IS the abnormal temperature dependence with 
= Fo/tanh(^), in which the dephasing rate satu- 
rates at low temperatures. Figure 3 clearly shows that 
the average current exhibits distinct behaviors at low T 
for these two temperature dependence of F^. Thus, one 
can detect the possible dephasing rate saturation in a 
double-dot system by measuring the tunneling current. 

Before summary, we would like to comment on the dif- 
ference between single-dot and double-dot systems. Al- 
though the dephasing effect shows up in both single- 
dot and double-dot systems, the most pronounced effect 
is under the pumping situation (Fig. 2) in double dots 
(There is no pumping effect in single-dot systems.). In 
a non-pumping situation in double dots, i.e., the chem- 
ical potentials arc not equal on the left and the right 
leads, the dephasing effect is reduced. To see this, one 
can rewrite the current (Eq.(8)) into two terms, one con- 
tains {fi{e)-fr{e))iTinm{e,4>)+^rnL{e,4>)) and the other 
contains (/;(e)-|-/r(e))(:r^L(e, </<) -^mm(e, 0)). The first 
term shows a similar behavior for the current in a single- 
dot, whereas the second term gives a similar behavior for 



the pumping current. Thus, in a non-pumping set-up, 
the tunneling current is like the pumping case (Fig. 2) su- 
perimposed by a curve similar as shown in Fig.l which 
makes the dephasing effect less pronounced. 
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FIG. 3. The temperature dependence of the average cur- 
rent. LOO ~ 10 and the parameters are the same as in Fig.^. 
The dephasing strength r0 has two different kinds of temper- 
ature dependence as discussed in the text. 

In summary, we analyze the dephasing effects in 
photon-assisted tunneling in quantum dots. The dephas- 
ing effect is introduced by using fictitious voltage probes. 
We find that the time-averaged current is insensitive to 
dephasing in single-dot systems. However, in the pump- 
ing set-up of double-dot systems, dephasing has profound 
effect in the tunneling current which can be measured to 
determine the dephasing rate. 
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